Introduction
The number of crystal structures of biological molecules resolved and submitted to the Protein Data Bank (PDB) is growing rapidly (Bernstein et al., 1977; Abola et al., 1997) . A PDB file consists of atomic coordinates and includes a great deal of data on the nature of the molecule(s) in the resolved structure. The coordinates are used for structure visualization, analysis of intra-and inter-molecular interactions, molecular modeling, etc. Up to now, two elements (amino acids, ligands, etc.) were postulated as forming a contact if the closest distance between their atoms was below a certain threshold (see, for example, Miyazawa and Jernigan, 1993; Russell and Barton, 1994; Wallace et al., 1995) or below the sum of the Van der Waals radii plus some increment between 0 and 1 Å (see, for example, Swindells, 1995; Fiser et al., 1997; Mitchell et al., 1997; Selbig and Argos, 1998) . However, in order to determine which type of contact (e.g. hydrogen bonds, hydrophobic-hydrophobic, aromatic-aromatic, aromatic-polar, etc.) contributes most to stabilizing the structure, a detailed analysis of the interface surface is required. Such an examination has already been described for one contact type, i.e. hydrogen bonds (McDonald and Thornton, 1994) .
In this paper, we extended such analysis to several additional types of interactions and describe two automatic tools for general detailed analysis of interatomic ligand-protein contacts (LPC software) and contacts of structural units (CSU software) such as helices, sheets, strands and residues. These software have been designed to assist the molecular biologist in understanding the structural consequences of modifying a ligand and/or protein. LPC and CSU use identical approaches for evaluating and analyzing contacts; thus, only LPC software will be described in detail. Our tools complement those of Laskowski et al. (PDBsum, at http://www.biochem.ucl.ac .uk/bsm/pdbsum/), E.Martz (Noncovalent-BondFinder, at http://www.umass.edu/microbio/chime/find-ncb/), M.Hendlich (RELIBase, at http://www-relibase.darmstadt.gmd.de/home.html) and the B.Honig laboratory (GRASS, at http://trantor.bioc.columbia.edu/GRASS/; and STING, at http://honiglab.cpmc.columbia.edu/STING/). The PDBsum, STING and Noncovalent-Bond-Finder servers provide some atomic contact analysis; however, only PDBsum has been described in the literature (Wallace et al., 1995) . Our approach differs mainly in the definition of contacting atoms and by providing a more detailed description of contacts based on our atom classification. atom A and a solvent molecule (Sobolev and Edelman, 1995) . This area consists of the points where a solvent molecule, if placed there, would overlap with the Van der Waals sphere of atom B. If a solvent molecule cannot be placed at some particular point because it will penetrate several neighboring atoms, it was postulated that this point belongs to the contact area of atom A and the nearest of these neighboring atoms. Our programs evaluate simultaneously contact surface area (Sobolev and Edelman, 1995) and solvent-accessible surface (Lee and Richards, 1971 ) using the algorithm implemented in the WHAT IF package (Vriend, 1990) .
Our analysis of ligand-protein contacts is based upon an approach known as surface complementarity (Sobolev et al., 1996) . The complementarity function (CF) therein is defined as:
where S l is the sum of all surface areas of 'legitimate' atomic contacts between ligand and receptor, S i is the sum of all surface areas of 'illegitimate' atomic contacts and E is a repulsion term. Legitimacy depends on the hydrophobic/hydrophilic properties of the contacting atoms. In comparison with our previous atom classification (Sobolev et al., 1996 (Sobolev et al., , 1997 , we have added assignment of metal atoms and P to a neutral class (Table 1) . We tested the complementarity function for molecular docking (Sobolev et al., 1996) and used it in the CASP2 experiment on ligand-protein structure prediction (Sobolev et al., 1997) .
Normalized complementarity is defined as CF divided by the solvent-accessible surface of the uncomplexed ligand.
Software and results
We will illustrate the ability of our software by analyzing contacts of pyridoxal-5-phosphate in complex with aspartate aminotransferase (PDB file 1ARS; Okamoto et al., 1994) . This complex has been chosen because: (i) the structure is resolved to a relatively high resolution (1.8 Å); (ii) all ambiguities due to automatic atom class assignment are represented; (iii) the ligand is relatively small (Figure 1 ), resulting in limited software output; (iv) the ligand displays a wide variety of different atomic contacts with the protein. Additional examples can be readily viewed by accessing http://www.pdb.bnl.gov/pdb-bin/lpc?PDB_ID= with a fourletter PDB code added at the end.
As input, LPC software reads a PDB formatted file consisting of coordinates of protein atoms and ligand(s). As output, it creates a file in HTML format, which includes an analysis of interatomic ligand-protein contacts and a three-dimensional (3D) ligand presentation. The 3D view was created using ChemScape (http://www.mdli.com/chemscape/ chime/).
LPC automatically assigns the appropriate atom class to every atom of the protein and ligand: for the protein, based on the PDB file assignment; for the ligand, based on the rules in Table 1 and on an analysis of interatomic distances. Concerning the latter, we consider two atoms covalently bound if the distance between them is <2.0 Å. For atom class assignment, LPC determines the number and types of covalently bonded heavy atoms, while PRODRG (Van Aalten et al., 1996) , for example, additionally determines the mutual geometry of these bonds.
Assigning atom classes for oxygen and nitrogen atoms
LPC software first assigns classes for polar atoms O and N. An O atom is designated as acceptor (class II) if it is covalently bound to two neighbors, or to one C atom if the bond length is <1.29 Å. This distance is an average between the length of a double CO bond (∼1.22 Å) and a single one (∼1.35 Å). In all other cases, O is designated as hydrophilic (class I). and all C atoms that are not in aromatic rings and do not have a covalent bond to a N or O atom; V Aromatic: C in aromatic rings irrespective of any other bonds formed by the atom; VI Neutral: non-aromatic C atoms that have a covalent bond to at least one atom from class I or two or more atoms from class II or III; S, F, P and metal atoms in all cases; VII Neutral-donor: non-aromatic C atoms that have a covalent bond with only one atom of class III; VIII Neutral-acceptor: non-aromatic C atoms that have a covalent bond with only one atom of class II. Fig. 1 . Schematic presentation of pyridoxal-5′-phosphate. The atomic labeling scheme is that of PDB file 1ARS. Hydrogen atoms were not specified in the file. In the LPC program, ligands can be viewed with Chemscape software (http://www.mdli.com/chemscape/chime).
Thus, in pyridoxal-5′-phosphate (Figure 1 ), atom OP1 is identified as an acceptor (class II) because it is covalently bound to two neighbors; atoms OP2, OP3 and OP4, as hydrophilic (class I) because they have only one covalent bond to a non-carbon atom; and atom O3 as hydrophilic (class I) because it is covalently bound to only one C atom with a bond length of 1.36 Å. We would like to stress that proper assignment of the atom class for O3 was possible because of the high resolution of the crystal structure in this case. However, one could easily imagine a situation where a structure of low resolution would result in an incorrect atom class assignment based on an inaccurate CO bond length. In this case, analysis of planarity of the C atom (sp2 hybridization versus sp3) would also not help because we will again need to analyze distances to all covalently bonded atoms in order to define the double bond.
Because of the absence of hydrogen atoms from most PDB files, we cannot determine the number of neighbors of N atoms based on distance analysis. [This problem is common to many programs, e.g. Van Aalten et al. (1996) .] Hence, LPC is unable to identify whether a particular N atom is a hydrogen bond donor alone (class III) or both donor and acceptor (class I). The program therefore arbitrarily assigns all ligand N atoms to class I. The user is advised to determine whether this is unreasonable in a given case by comparing the chemical properties against the automatic assignment.
Assigning atom classes for carbon atoms
The program next assigns the atom class for C atoms. It checks whether a C atom belongs to a 4-, 5-or 6-member ring and whether the ring is planar (aromatic). LPC considers a ring as planar if all its dihedral angles are <27_ in 4-and 5-member rings, and <50_ in 6-member ones. These values were chosen after we found dihedral angles of ∼25_ and ∼45_ in 5-and 6-member planar rings, respectively, in some low-resolution PDB structures (V. Sobolev, unpublished) . If a ring meets LPC's criteria for planarity, all of its C atoms are declared aromatic (class V) irrespective of any other bonds formed by them. Therefore, in the example of pyridoxal-5-phosphate (Figure 1 ), atoms C2, C3, C4, C5 and C6 are all identified as aromatic because they belong to a 6-member ring with dihedral angles of ∼1_.
If a C atom belongs to a non-planar ring, or is not in a ring structure at all, the program calculates the number of O and N atoms covalently bound to the atom in question and then follows the rules in Table 1 to assign the C atom to class IV, VI, VII or VIII. Thus, in Figure 1 , atoms C2A and C4A are identified as hydrophobic (class IV), and atom C5A as neutral-acceptor (class VII).
Program output
The software next calculates all atomic contacts and solventaccessible surfaces for every atom of the ligand in its complexed and uncomplexed form. An example is shown in Table 2 . Such data could be used for first approximation of the free energy of complex formation, including the contribution of solvation (e.g. Still et al., 1990) . However, it is necessary to emphasize that the ligand's conformation in the complex is used to calculate the accessible surface of the uncomplexed form. Therefore, if one wants to estimate the effect of solvation more precisely, an analysis of ligand conformation in solution is needed. It is interesting that in many ligand-protein complexes in the PDB, a high percentage of the ligand surface is buried in the binding pocket. Herein may lie the strength of the surface complementarity approach for molecular docking. The software now determines all of the protein residues in contact with the ligand and the specific types of contact. In the specific example of the pyridoxal phosphate-asp aminotransferase complex (Table 3) , one can see that each contact type plays some role in stabilization.
In separate lists, the program next indicates the putative hydrogen bonds (Table 4 ) and all atomic contacts formed by the ligand [not shown; see http://sgedg.weizmann.ac.il/lpc/ Vcofc.cgi?num=1&id=1ARS for a full list (71 lines)]. This latter list permits assessment of the total surface area contribution for each type of contact.
Lastly, the software provides the normalized complementarity value obtained following hypothetical substitution of a different atom class for each ligand atom (Table 5) . LPC defines a contact as stabilizing or destabilazing if the normalized complementarity value of the modified ligand differs by >0.03 from the unmodified one. This treatment can be considered a first step in ligand and drug design. For example, in Figure 1 , substituting a class I or II hydrophilic atom for original hydrophobic atom C4A (class IV) could lead to increased affinity (Table 5 : unmodified ligand, NC = 0.70; modified ligand, NC = 0.93). Such an analytical approach has been used to explain the reduced binding energy of streptavidin with thiobiotin and imminobiotin as compared to biotin (Sobolev et al., 1996) . It should be noted that Table 5 is created automatically and all class substitutions are listed irrespective of their immediate likelihood. Thus, in the example given above (Table 5) , replacement of the class IV C4A atom (hydrophobic) by an aromatic (class V) or neutral one (classes VI-VIII) would not be possible without considerable ligand modification. In summary, data in Table 5 should be taken as a first approximation in ligand binding prediction. It is assumed that, following ligand modification, the ligand is still bound in its pocket and its orientation is the same. However, it is important to note that a modified ligand might be unable to dock at all because of problems such as steric hindrance, solubility or membrane permeability. For more precise predictions, a molecular docking procedure (e.g. Meng et al., 1992; Rarey et al., 1996; Sobolev et al., 1996) is recommended.
Dealing with uncertainties in the structural data
Because of insufficient resolution of some structural data, our automatic assignment of ligand atom class is currently ambiguous in three cases: (i) the oxygen atom of a carbonyl or hydroxyl group; (ii) all nitrogen atoms; (iii) carbon atoms belonging to a 4-, 5-or 6-member ring. In these three cases, the user should check the chemical properties against the LPC assignment and, if needed, modify the relevant lines of a print-out of Table 4 and 5. Similar problems have been recognized in other programs (cf. Van Aalten et al., 1996) .
Contacts of structural units (CSU software)
Using an identical approach as outlined above for LPC, we created related software for calculating contacts of several major structural units in proteins, i.e. helices, sheets, strands and residues. In this software (termed CSU), the PDB formatted file is again used as input. As output, CSU first lists all chains, helices, sheets and strands indicated by a PDB file. Then, upon user request, the program outputs all residueresidue contacts formed by any helix or strand therein, pointing out their specific contacts (similar to Table 3 ). For any particular residue of the protein, a more detailed analysis of contacts is also available. This includes: (i) solvent accessibility of every residue atom (similar to Table 2); (ii) a list of putative hydrogen bonds (similar to Table 4); (iii) a full list of atomic contacts formed by the residue. The CSU program points to the STING server, created in the B.Honig laboratory (http://honiglab.cpmc.columbia.edu/STING/) for visualization of protein structure. ergy. V.S. and M.E. also acknowledge the support of the Wilstätter and Forchheimer Centers at the Weizmann Institute of Science.
